Individuals' fidelity to an area provides insight into the stability of the spatial and temporal organisation of animals. Territorial fidelity is often influenced by reproductive success, age, the dispersion and predictability of resources, and intraspecific competition. We examined between-year territorial fidelity in wolverines (Gulo gulo), using location data from 47 individuals collected during 1993-2013 in northern Sweden, to assess the stability of the spatial organisation of this solitary carnivore. For females, we also determined residency status from 1 year to the next. The study population is characterized by a stable distribution of resident individuals, with both males and females showing higher fidelity at the total territory level compared to more intensively used core areas. In 86% of the yearly residency status estimates (n = 122), the female remained stationary. In the remaining 14% of the cases, females either vacated their territory (8% of residency statuses), or expanded into a neighbouring territory (6% of residency statuses). We documented six cases of breeding dispersal, representing one of the few known cases of breeding dispersal in longlived large mammals. We suggest that this high territorial fidelity is enabled by wolverines' caching and scavenging behaviours, which buffer the unpredictable and large spatiotemporal variation in resource abundance in this low-productivity area. Breeding dispersal may occur due to competition for high-quality territories in this saturated population, where females are forced to abandon their territory by competitors or bequeath territories to offspring. This study further highlights the complexity of the social and spatial dynamics for solitary carnivores.
Introduction
Individuals' fidelity to an area reflects the stability of the spatial organisation of animals (Switzer 1993; Adams 2001) , and interannual variation in space use patterns can influence both population structure and dynamics (Terraube et al. 2015; Uboni et al. 2015) . Home range fidelity is generally associated to dispersion, predictability and depletion rate of resources, as well as reproductive success, age and competition (Moorhouse and Macdonald 2005, Kirk et al. 2008; Edwards et al. 2009; Terraube et al. 2015) . In solitary territorial species, space use is primarily driven by resource competition over access to food or the opposite sex (Sandell 1989; ). Territorial fidelity is beneficial because it allows individuals to become familiar with resources in an area, enhancing survival and reproductive success (Switzer 1993; Kirk et al. 2008) . Furthermore, for species that aggressively defend territories, movement into unfamiliar areas increases mortality risk (Isbell et al. 1990; Stamps and Krishnan 2001) . Despite this, some individuals may vacate an established territory and perform breeding dispersal, defined as the permanent movement of individuals, which have reproduced, between subsequent breeding sites (Greenwood 1980) . Breeding dispersal has mostly been documented in birds (e.g. Greenwood and Harvey 1982; Terraube et al. 2015) , and although it occurs in mammals (e.g. Berteaux and Boutin 2000; Jerina et al. 2014) , it has rarely been documented in larger long-lived mammals (Jerina et al. 2014) .
Breeding dispersal may be a consequence of reproductive failure, mate loss or an attempt to acquire a higher-quality territory (Wauters et al. 1995; Forero et al. 1999; Pasinelli et al. 2007) . It can also result from intraspecific competition, when resident individuals are evicted or disperse to take over a new territory (Pasinelli et al. 2007; Mattisson et al. 2013) . Breeding dispersal has also been considered as a form of parental investment when the territory is bequeathed to an offspring to enhance offspring survival and reproductive success (Lindström 1986; Berteaux and Boutin 2000) . Moreover, some individuals that vacate a territory may become floaters (Smith 1978) , forming a reservoir of individuals that can occupy vacant territories when they become available and thus influence population dynamics (Penteriani et al. 2011) .
Long-term, individual-based ecological studies are essential to obtain information about between-year variation in space use and spatial organisation (Pelton and van Manen 1996; Clutton-Brock and Sheldon 2010) . In this study, we use location data from 47 adult wolverines (Gulo gulo) monitored during 20 years in northern Sweden. The wolverine is a solitary carnivore with a polygamous mating system (Hedmark et al. 2007 ), intrasexual territoriality Inman et al. 2012a ) and male-biased natal dispersal (Vangen et al. 2001; Flagstad et al. 2004) . Wolverines occupy arctic tundra and boreal forest zones of Eurasia and North America (Copeland et al. 2010) and are adapted to harsh environmental conditions with low productivity by being an opportunistic generalist predator and scavenger that caches food for later use (Inman et al. 2012b; Mattisson et al. 2016 ). Wolverine female reproductive success is influenced by winter food availability as well as age-related reproductive costs, where the probability to successfully reproduce 2 years in a row declines with age (Persson 2005; Rauset et al. 2015) . In northern Sweden, wolverines primarily feed on migratory, semi-domestic reindeer (Rangifer tarandus) (Mattisson et al. 2011; Mattisson et al. 2016 ) managed by indigenous Sámi reindeer herding communities (Persson et al. 2009 ).
The aim of this study was to assess the stability of wolverine spatial organisation by examining individual territorial fidelity from 1 year to the next. To account for the possibility that factors determining space use differ between intensively used areas compared to the total territory ), we measured site fidelity at two spatial scales: (i) total territory and (ii) core area. We also examined between-year changes in female residency status, i.e. did they remain resident or did they permanently leave an established territory. Breeding dispersal may occur to enhance future reproductive success (Wauters et al. 1995; Pasinelli et al. 2007 ), or as a consequence of decreased reproductive potential with age (Berteaux and Boutin 2000) . Therefore, we considered the influence of previous reproductive performance and age on fidelity for wolverine females. Territorial fidelity is generally predicted to be low in unpredictable environments with low and variable resource abundance (Switzer 1993; Maher and Lott 2000; Moorhouse and Macdonald 2005; Edwards et al. 2009 ). Still, we predict that wolverines exhibit high territorial fidelity because of their food-caching behaviour that buffers temporal fluctuations in food availability and thus, promotes territoriality and site fidelity even when resources in the environment are unpredictable (Tye 1986; Maher and Lott 2000; Eide et al. 2004 ).
Material and methods

Study area and animal capture
The study was carried out in a 7000-km 2 area in and around Sarek National Park in northern Sweden (Kvikkjokk 67°00′ N, 17°40′ E). The climate is continental with cold winters (− 13°C in January) and medium warm summers (14°C in July) and the ground is usually snow covered from November to May. The area is characterized by deep valleys, glaciers and high alpine plateaus with peaks up to 2000 m a.s.l.. Mountain birch (Betula pubescens) forms the tree line at 600-700 m a.s.l. (for a detailed description of the study area, see Rauset et al. (2015) ). The area consists of important spring and summer grazing pastures for semi-domestic reindeer. During winter, most reindeers are moved to winter grazing grounds to the east of the study area (Danell et al. 2006) , resulting in a large temporal and spatial variation in reindeer density.
We used wolverine location and reproductive data collected from 1993 to 2013. Wolverines were captured and immobilized using ethics-approved handling protocols (see Persson et al. 2010) . Animals were fitted with VHF collars (1993) (1994) (1995) . Female reproductive status and location of natal den sites (hereafter dens) was confirmed using a combination of radio tracking, snow tracking and visual observations (see Persson et al. 2006) . Reproductions were classified as successful if the cubs survived until June (3-4 months old) and unsuccessful if the female showed denning behaviour but did not have cubs in June or did not reproduce. We aimed to capture and equip all cubs with intraperitoneal transmitters and monitor them throughout their life; consequently, a large part of the individuals were of known age.
Spatial analysis
Only resident animals ≥ 3 years old were included in the analysis because wolverines in the study population rarely breed prior to 3 years . We estimated annual space use for each individual as the annual utilization distribution (UD) using the fixed-kernel method with the reference bandwidth (Worton 1989) within the BadehabitatHR^package (Calenge 2006) for R (R Core Team 2014). Years were defined as calendar years. The number of locations acquired per individual and year varied extensively during the study period as telemetry technology developed. To reduce biases from different sampling frequencies (Börger et al. 2006) , we randomly sampled one location/day for individuals with multiple daily locations. We only calculated UDs for individuals monitored for ≥ 6 months during ≥ 2 years with ≥ 20 yearly locations Rauset et al. 2015) ; in this study, mean (±SE) of annual locations per individual was 146 ± 15. From the UD, a specific proportion (isopleth) of the animal's use of space can be retained; we used the 90% isopleth as the annual territory and the 50% isopleth as the core area . We quantified fidelity by estimating the overlap between annual UDs using the volume of intersection index (VI) for both the territory and core area levels (Millspaugh et al. 2004) . VI values range from 0 (no overlap) to 1 (identical UDs). We calculated VI for subsequent years, or year t and t + 2 if location data from year t + 1 was missing (5 out of 62 VI estimates). Because annual territory sizes do not differ for females with or without cubs , we calculated VI between years independent of female reproductive status. During part of the study period (i.e. 1999-2004) , the focus of the project was to monitor yearly survival, reproductive success and denning behaviour of the resident females within the study area. Hence, females were intensively monitored during the denning period (Feb-May; cf. Rauset et al. 2015) while there are relatively infrequent locations from ≥ 6 months/year for these females. Consequently, for females, we also used distances between den sites as a measurement of fidelity. We calculated distances between den sites in subsequent years or year t and t + 2 if the female did not reproduce in year t + 1 (22 out of 90 den distances). In total, we obtained 129 interannual fidelity estimates for 5 males (7 VI) monitored for an average of 2.6 years ± 0.6 SE (range 2-5) and 42 females (55 VI and 90 den distances) monitored for 4.5 ± 0.4 years (range 2-11).
The closest distance between neighbouring females' den sites used in the same year was 4.6 km (Aronsson 2017) . Consequently, we considered females to have conducted breeding dispersal if the VI estimate or locations showed that she moved from her territory, she reproduced again > 4.5 km from her previous den site and her previous territory was occupied by a new individual. Furthermore, females that did not reproduce after moving were considered to have reestablished when subsequent space use pattern showed that they became stationary in a new area. We used reproductive success to obtain a measurement of territory quality (Garshelis 2000; Stephens et al. 2015) . For this, we used the locations of all den sites for collared individuals and den sites from the national monitoring program (i.e. since 1996, wolverine den sites have been recorded in the Swedish national monitoring program for large carnivores, see ). For each female, we calculated the total number of den sites that had been documented within 2.1 km of her current den site (i.e. 2.1 km is the mean distance between consecutive den sites for stationary females in this study area, see BResults^section) or centre point of locations for females that did not reproduce (n = 2). We calculated local denning frequency for each area and year (local denning frequency (LDF)) as the total number of den sites divided by the time the area had been monitored (i.e. 18 years; 1996-2013) . Because this measurement is based on successful reproductions, an important fitness component, within the territory, we argue that this is a good measurement of territory quality.
Statistical analysis
We used generalized linear mixed models with a beta error distribution in the glmmADMB package (Skaug et al. 2014) in R with VI as the response variable. Individual identity was fitted as a random effect in all models to account for repeated measurements. We used isopleth level as a covariate to test if fidelity differed between territory and core area level. Due to the low sample size for males (n = 7), we did not conduct any statistical analysis for differences between sexes. For females, we included age and reproductive success in year t (two-level factor; successful and unsuccessful reproduction) as covariates. Candidate models were compared using the sample size-corrected Akaike Information Criterion (AIC c ) and AIC c weights (w i ). Means are presented with standard errors unless otherwise stated.
Results
Female and male wolverines had similar overlap (volume of intersection; VI) patterns and showed higher between-year fidelity for the annual territory compared to core areas ( Fig. 1 ; 0.60 ± 0.03 vs. 0.44 ± 0.03 for females, and 0.55 ± 0.03 vs. 0.42 ± 0.1 for males, respectively; improvement in AIC c for overlap model including isopleth level [i.e. 90 and 50%] compared to model without: females = 18 and males = 3.2). We determined female residency status from 1 year to the next in 122 territories, and in 105 (86%) of these, the female remained stationary; hence, wolverine females showed high territorial fidelity. Eight of the 42 females vacated an established territory once (n = 7) or twice (n = 1), resulting in a total of nine occasions when a resident female moved from her territory (Table 1, Fig. 2 ). These moving females re-established in a new territory in seven of these nine cases (Table 1) . In all but one of these, the female reproduced in the new territory and thus conducted breeding dispersal (Figs. 2 and 3) . Floating behaviour was exhibited by the two females that did not re-establish and one breeding dispersal female before she re-established (Table 1, Fig. 2 ). Five additional females expanded their territory once (n = 3) or twice (n = 2) into a neighbouring territory after the neighbouring female died, resulting in reduced overlap. Thus, they subsequently occupied an area previously occupied by two or three females (hereafter called Bexpanding;F ig. 4(a, c)). The mean distance between consecutive natal den sites for stationary females (excluding expanding females) was 2.1 ± 0.2 km (n = 79), for breeding dispersing females 9.8 ± 0.8 km (n = 6) and for expanding females 9.1 ± 2.3 (n = 5) (Fig. 5) . Mean local denning frequency (LDF) for stationary females was 0.21 ± 0.02. To obtain a relative quality estimate for territories that were vacated in relation to where females reestablished, we used the difference in LDF for these sites from the mean for stationary females (Table 1) . Of the seven females that re-established, there was no consistent pattern in how their LDF changed from before and after re-establishment: the LDF of three females improved; for three females, it diminished; and for one female, LDF did not change. However, only two females re-established in a territory with better quality than the mean for stationary females (Table 1) . The mean territory and core area VI for stationary females was , total time they were monitored, age when moving, residency status (floater (F), breeding dispersal (BD) or re-established (R)), reproductive performance before and after move and time from move to first reproduction in second territory. Relative local denning frequency (LDF) shows the difference in LDF for the first and second territory from the mean LDF for stationary females (0.21 ± 0.022)
ID
Years monitored showed were classified as floater after more before establishing and reproducing in a new territory (see Fig. 2) 0.66 ± 0.02 and 0.52 ± 0.03, respectively, and VI for moving and expanding females was 0.21 ± 0.05 and 0.09 ± 0.03, respectively ( Fig. 1) . By including all females in the analysis, we found that both territory and core are fidelity was negatively affected by previous reproductive performance (i.e. females that successfully reproduced the first year included in the overlap measurement had lower VI values than females that did not reproduce the first year; Table 2a ). However, excluding females that dispersed or showed floating behaviour from the analysis removed this effect of reproductive success on fidelity (Table 2b ). There was no effect of female age on territory or core area overlap (Table 2c) .
Discussion
As predicted, wolverines showed high territorial fidelity, as females remained stationary in their territory between years in 86% of the residency status estimates (n = 122). This suggests that the population is characterized by a stable spatial distribution of resident individuals. However, we found six occasions of breeding dispersal, representing the first documentation of wolverine female breeding dispersal, and one of the few in long-lived, large mammals (Jerina et al. 2014 ). This behaviour creates infrequent exceptions to the stable spatial organisation and adds important knowledge regarding the complexity of spacing behaviour in large mammals in general and wolverines in particular. Territorial fidelity is predicted to be low in habitats where food resources are low, variable and unpredictable and deplete fast (Wauters et al. 1995; Kirk et al. 2008; Edwards et al. 2009 ). This corresponds to the characterization of wolverine habitat in general (Persson 2005; Inman et al. 2012b) , and particularly in northern Scandinavia where wolverines are highly dependent on migrating reindeer. Reindeer movements are influenced by seasonal snow conditions and Sámi reindeer herding practices (Persson 2005) . Thus, prey availability is unpredictable and varies both within and among years, resulting in large territory sizes with high individual variation ). However, food caching is an integral part of wolverine biology (Inman et al. 2012b; Mattisson et al. 2016) , which buffers against depletion, unpredictability and variation in prey availability. As a consequence, food caching can be an important factor promoting the observed high territorial fidelity in wolverines despite the unpredictable environment (Tye 1986; Eide et al. 2004 ). In addition, occurrence of more efficient predators, such as the Eurasian lynx (Lynx lynx), provides wolverines with a relatively consistent availability of carcasses for direct consumption and caching (Mattisson et al. 2011 ). This decreases the variation and Fig. 2 Summary of residency status from 1 year to the next in 122 territories for a total of 42 adult wolverine females monitored for ≥ 2 years during 1993-2013 in northern Sweden. Next to each arrow are indicated number of territories and (number of females). Seven females* were stationary before and/or after moving/expanding, hence these are included in both the stationary and moving female categories. One female moved from two territories during the study period, and before reestablishing the first time, she was defined as floater during 1 year**. Consequently, although only nine territories were vacated during the study period residency status were classified as moving in (9 + 1)** occasions (+ 1 due to floating followed by breeding dispersal in one territory)
10 Km unpredictability in food availability and enhances wolverine reproductive success Mattisson et al. 2016) . Our study area is largely saturated with wolverine territories, resulting in few available areas to settle Aronsson 2017) . Territories are maintained by patrolling in combination with marking and aggressive behaviour during encounters (Persson et al. 2003 (Persson et al. , 2009 , and both subadult and adult wolverines are killed by conspecifics (Krebs et al. 2004; Persson et al. 2009 ). Consequently, the high potential cost associated with exploratory movements might contribute to the high territorial fidelity. Furthermore, the area is characterized by distinct features, such as mountains, deep valleys and rivers, which form natural territory borders that might facilitate territorial defence (Eason et al. 1999 ). This could confine individuals to established territories and thus further promote territorial stability in time and space.
Fidelity was lower at the core area level than at the territory level for both males and females, suggesting that it is critical to maintain the outer territory boundary to secure long-term resources . In contrast, the extent of the most used area within the territory (i.e. core area) presumably varies among years because of spatial fluctuations in key resources. For instance, the spatial distribution of live reindeer and carcasses could greatly vary within and among years due to the nomadic behaviour of reindeer (Mattisson et al. 2016 ). In addition, female core areas could vary among years depending on their reproductive status and interannual variation in den site location. Male wolverines have territories that are several times larger than females . Larger areas are more difficult to defend from intrusion, which could decrease territorial fidelity (Jetz et al. 2004 ). However, both males and females in our study showed high mean overlap values between years. For males, this could be a result of our low sample size (i.e. five unique individuals). Of the monitored males, three individuals showed lower overlap than the other two (Fig. 1) . One male retreated from parts of his territory when a neighbouring male moved in, indicating that the former might have been actively pushed away by the latter (i.e. resulting in low overlap values for both males). The third male appeared to be abandoning his territory at the end of his monitoring period.
Although wolverine females generally exhibit high territorial fidelity, we found that 8% of territories were vacated between years and 6% of territories were expanded (Fig. 2) . If insufficient resources were the main reason for females to vacate a territory, we would expect them to have low reproductive success prior to moving (Pasinelli et al. 2007 ). Yet, on seven of nine occasions, the moving females reproduced successfully the last year monitored before vacating her territory (Table 1) , which suggests that reproductive failure is not the main factor causing established females to abandon a territory. That most females successfully reproduced before vacating their territory also explains the overall negative effect of reproductive success on both territory and core area fidelity (i.e. lower VI for females that successfully reproduced; Table 2a), as this effect was considerably diminished when dispersing, expanding and floating females were excluded (Table 2b) . Five of the seven females that re-established reproduced the first year in the new territory. Considering the high reproductive frequency before and after dispersal (78 and 71%, respectively) compared to the average reproductive frequency in the population (53%; Persson et al. 2006) suggests that most females that moved were in prime condition ( Table 1) . Thus, possible reasons for their dispersal are to obtain a territory of higher quality (cf. Wauters et al. 1995) . Our measure of relative quality of territories that were vacated and re-established, respectively, showed an inconsistent pattern (Table 1) . If territorial abandonment and reestablishments is the result of a takeover, the inconsistent pattern in LDF is expected, as the focal female could be either an intruding or evicted individual, which was unknown to us in most cases. The latter is supported by the fact that three females that abandoned a territory subsequently exhibited floating behaviour, suggesting that they did not leave because they had the opportunity to obtain a territory of higher quality. Instead, it is likely that they were forced to abandon their territory, possibly because their competitive ability had decreased (Smith 1978) , especially considering that two of these females abandoned an area with very high LDF value. Consequently, abandonment of established territories could be related a combination of searching for better territories and social interactions caused by competition for territories. Another potential explanation for abandonment of territories by adult females is parental investment (Lindström 1986; Berteaux and Boutin 2000) . Wolverine natal dispersal pattern is male-biased, where females tend to remain close their natal territory and age at natal dispersal varies more among females than males (Vangen et al. 2001) . Young, inexperienced animals that have not settled are often subject to higher mortality than resident animals (Waser 1996; Blankenship et al. 2006) . Juvenile wolverine females are killed when they explore areas outside their natal territory after independence, presumably by territorial neighbours (Persson et al. 2003) , suggesting that territorial competition can be fierce for young inexperienced females in this saturated area. Hence, parental investment could explain why females vacate Females are divided into stationary (n = 79; light grey), expanding (n = 5; medium grey) and breeding dispersing (n = 6; dark grey). One female repeatedly used den sites at opposite ends of a large and elongated territory resulting in two large den distances (indicated by ✳). By removing these distances, the mean (±SE) distance between den sites for stationary females was reduced to 1.8 ± 0.2 km (n = 77), compared to 2.1 ± 0.2 km (n = 79). The dashed line indicates the closest distance between neighbouring females den sites used the same year within the study area during the study period (Aronsson 2017) Table 2 Candidate models relating wolverine female interannual territory and core area volume of intersection (VI) to reproductive success (Repro; difference of successful reproduction from unsuccessful reproduction) for all VI (n = 55) (a), only VI for stationary females (i.e. excluding breeding dispersal, expanding and floating; n = 46) (b), and age for females with known age (n = 21) (c). Models are ranked based on sample size-corrected AIC (AIC c ), difference in AIC c relative to the highestranked model (ΔAIC c established territories after a successful reproduction, i.e. they bequeath their territory to a daughter. One of the moving females (F9525) was replaced by her young daughter. Although we did not find any overall effect of age on female fidelity to territory or core area (Table 2c) , F9525 was older than all other moving females, and although she was monitored for 3 years after re-establishment, she did not reproduce again (Table 1) . Furthermore, females that expanded their territory subsequently covered an area that previously contained two reproducing females, indicating that there are resources for > 1 female. This could be to secure an area that can later be bequeathed to a female offspring (c.f. budding dispersal in social species; Gardner and West 2006; Nichols et al. 2012) . One female (F9986) maintained her expanded territory for 4 years before her adult daughter (F04189) gained possession of half the area. F9986 regained the area again after her daughter died (Fig. 4) . In another observation, one subadult daughter established in part of her mother's expanded territory although we could not determine her residency status because she died in an avalanche before first reproduction (27 months of age). The remaining three expanding females did not reproduce (n = 1) or only produced male offspring between the expansion and their death or end of the study period (n = 2, monitored for 2 and 5 years following territory expansion). To fully understand the causes and consequences of breeding dispersal in wolverine females requires detailed location data to determine the timing and interactions leading up to the dispersal event (i.e. if it is a result of an aggressive interaction). In addition, concurrent data are needed on habitat quality and the reproductive success of stationary versus dispersing adult females. Due to the low reproductive rate of wolverines (Persson et al. 2006 ) and the rarity of this behaviour, we could not fully disentangle the potential causes despite 20 years of individual-based data.
We suggest that the high territorial fidelity in wolverines in this study is a result of intrasexual territoriality in a saturated population with intense competition for high-quality territories. This is facilitated by scavenging and caching, which increase predictability in resource abundance, decrease depletion rate and create a valuable resource (cache sites) to defend. In addition, distinct terrain features may assist territorial defence, which promote territorial stability in time and space. Our results concur with the findings of Bischof et al. (2016) who investigated spatiotemporal patterns in wolverines using non-invasive genetic sampling to reveal that wolverines tended to stay in the same general area from year to year. We suggest that the ultimate driver of the observed breeding dispersal is high competition for territories, translated through social interactions between competitors (aggressive forcing) and mother-offspring (territory bequeathal). This demonstration of the complexity in carnivore spatial behaviour provides a stronger foundation for science-based management of wolverine populations that are subject to strong conservation and management concerns in many parts of its distribution (Saether et al. 2005; Persson et al. 2009; Inman et al. 2013 ). Our results have implications for the design and interpretation of population monitoring schemes (Ellis et al. 2014; , harvest strategies (Saether et al. 2005 ) and conflict mitigation .
